The synthesis of copolymers based on thiophene, benzothiadiazole and benzo-bis-thiadiazole are described. The polymers were obtained by employing Stille cross coupling polymerization. The polymers were characterized by NMR, size exclusion chromatography, UV-vis and ultraviolet photoelectron spectroscopy. The results obtained from UV-vis and ultraviolet photoelectron spectroscopy showed band gaps of 2. 1-1 .7 eV for polymers based on benzothiadiazole and 0.7 eV for polymers based on benzo-bis-thiadiazole. Furthermore the results showed that the band gap decreases with an increase in the number, n, of thiophenes in the polymer repeating unit (n= 1-4). Large area photovoltaic devices were prepared and the results of these devices are described.
INTRODUCTION
The past decade low band gap polymers have received more attention since it is believed that due to a better overlap with the solar spectrum these polymers will lead to an increase in the power conversion efficiency.14 However, low band gap polymers for organic solar cells are a challenge to synthesize. So far there have been relatively few examples of low band gap conjugated polymer materials for polymer solar cells. The most important ones are:
polyisothianaphthenes,5'6 polythiophene7'8 and copolymers of thiophene, pyrrole and benzothiadiazole.24 The band gaps of these polymers are 1 .2, 2.013 and 1 .6 eV, respectively. In this work the successful synthesis and characterization by Size Exclusion Chromatography (SEC), UV-vis and Ultraviolet Photoelectron Spectroscopy (UPS) of copolymers based on thiophene, benzothiadiazole and benzo-bis-thiadiazole is described (Chart 1).b0
Results obtained from large area organic photovoltaic devices are presented (for general reviews on organic photovoltaics see ref. 11).
EXPERIMENTAL
Monomers. Lithiation of alkyl-thiophene. To a mixture of alkyl-thiophene (7 mmol) and TMEDA (10.5 mmol) in hexane (50 mL) at -78 °C, nBuLi (10.5 mmol) was added drop wise. The mixture was allowed to reach room temperature and was left to stir for 2 hours. The reaction mixture was then cooled back down to -78 °C and Me3SnCI (17 mmol) was added drop wise. The reaction was stirred at room temperature for 1 hour and then washed with water. The organic phase was dried with MgSO4, filtered, concentrated by evaporation and purified by kugelrohr distillation.°D i-thiophene. To a mixture of alkyl-thiophene (13.6 mmol) in THF (100 mL) at -78 °C, nBuLi (34 mmol) was added drop wise. After 10 minutes a solution of '2 in THF was added drop wise until a color change was observed. The reaction was allowed to reach room temperature before Pd(PPh3)2Cl2 (0.9 mmol) was added and the mixture was heated to reflux. Then trimethyltin-alkyl-thiophene (12.2 mmol) was added drop wise, and the reaction was left stirring overnight under reflux. The reaction was cooled, evaporated and filtered through silica using hexane before purification by kugelrohr destillation.'°D ilithation of alkyl-thiophene. To a mixture of alkyl-thiophene (3.4 mmol) in hexane (25 mL), tBuLi (17 mmol) was added drop wise at -78°C. The reaction mixture was left stifling at room temperature for 3 days. The reaction mixture was then cooled back down to -78 °C and Me3SnC1 (23.8 mmol) was added drop wise. The reaction was stirred at room temperature for 1 hour and then washed with water. The organic phase was dried with MgSO4, filtered, concentrated by evaporation and purified by kugelrohr distillation. Dilithiation of di-thiophene. To a mixture of alkyl-di-thiophene (3.4 mmol) and TMEDA (10.2 mmol) in hexane (50 mL), nBuLi (10.2 mmol) was added drop wise at -78°C. The reaction mixture was left stirring at room temperature for 1 hour. The reaction mixture was then cooled back down to -78 °C and Me3SnC1 (17 mmol) was added drop wise. The reaction was stirred at room temperature for 1 hour and then washed with water. The organic phase was dried with MgSO4, filtered, concentrated by evaporation and purified by kugelrohr distillation. Di-bromo derivate of benzo-bis-thiadiazole. Di-thiophene-benzo-bis-thiadiazole (2 mmol) was dissolved in chloroform (500 mL) by refluxing for 2 hours. Acetic acid (500 mL) was added and NBS (5.1 mmol) in chloroform/acetic acid (5 mL, 1 : 1) was added drop wise in darkness. The reaction was stirred at room temperature for 2½ hour, then filtered and the resulting solid was recrystallized from DMF.'°S tille cross coupling polymerization.12 The di-stannyl derivate of thiophene or di-thiophene (0.5 mmol) and the dibromo derivate of benzothiadiazole or benzo-bis-thiadiazole (0.5 mmol) was dissolved in DMF (150 mL) and the solution was degassed with argon. Pd(PPh3)2C12 (6 x 102 mmol) was added and the reaction was heated to 150 °C. After 2 hours a pre-polymer precipitated and THE (75 mL) was added to dissolve the pre-polymer and continue the polymerization at reflux over night. The reaction mixture was cooled and THE was removed by evaporation. The solution was poured into methanol to precipitate the polymer. Filtration of the suspension resulted in the polymer product, which was purified by Soxhlett extraction with successively use of methanol, hexane and chloroform. The chloroform fraction was concentrated and further purification was carried out on preparative SEC.1° The polymer was purified from palladium as described in the literature.'3 Further experimental detail have been described earlier. 10 UV-vis. The UV-vis and Near Infrared (NIR) spectra were obtained from chloroform solutions. No significant red or blue shift was observed when comparing spectra obtained from solution and film.'°U ltraviolet Spectroscopy (UPS). A gold film was thermally evaporated on to an aluminum substrate with subsequent spin coating of a 2.7 im filtered polymer solution onto the gold substrate. The UPS measurements were carried out at the ASTRID synchrotron at Aarhus University and further details on the measurements have been described else where. 1014
Photovoltaic measurements. A mixture of polymer and PCBM (1 :2) in chlorobenzene (10 mg polymer/mL) was filtered through a 2.7 im porous filter and spin-coated onto PEDOT:PSS coated ITO glass slides. An aluminum electrode was thermally evaporated onto the film in a vacuum chamber at a pressure of <5 x 106 mbar. The active area of the device was 3 cm2 or 10 cm2. The 10 cm2 device was encapsulated as described in the literature.'5 Details on device preparation and setup for data measurements have been described earlier. '6"7 3. RESULTS AND DISCUSSION
Synthesis of monomers
The polymers 1-6 were synthesized by Stille cross coupling polymerization between di-stannyl derivates of thiophene and di-thiophene and di-bromo derivates of benzothadiazole and The di-thiophene, 7, was synthesized from 3-alkyl-thiophene by lithation with nBuLi, addition of '2 and finally reaction with trimethyistannyl-alkyl-thiophene (Scheme 1).'°R
Scheme 1: Synthesis of di-thiophene, 7. R = 3,7,11-trimethyl-dodecyl.
The di-stannyl derivate of thiophene, 8, was synthesized by dilithation of 3-alkyl-thiophene with tBuLi followed by reaction with Me3SnCl (Scheme 2)10 And the di-stannyl derivate of di-thiophene, 9, was synthesized by dilithation of 7 with nBuLi and TMEDA followed by reaction with Me3SnC1 (Scheme 2).'°R
Scheme 2: Synthesis of di-stannyl derivates of thiophene, 8 and di-thiophene, 9.
The synthesis of di-bromo derivates of benzothiadiazole, 10 and 11, is described in the literature (Scheme 3)18 The dibromo derivate of benzo-bis-thiadiazole, 12, was synthesized by reaction of di-thiophene-benzo-bis-thiadiazole with The SEC data of the purified polymers is given in Table 1.10 Table 1 : SEC data of polymer 1-6. The polymers were analyzed on a gel column system comprising a succession of a 500 A, 10000 A and 1000000 A in pore diameter. Polymer standards. were used for molecular weight distribution. The wavelength of the detector was 500nm.
.... i'. The band gaps were estimated from the UV-vis spectra by drawing a tangent to the absorption curve and converting the cut-off value to eV.12 The band gaps are presented in Table 3 . The band gap for polymer 1 and 4 (n = 1 and 2,
UV-vis spectroscopy
The UV-vis spectra of polymer 1-6 are shown in Fig. 1 and the extinction coefficients at are given in Table 2 . From Fig. 1 and Table 2 it is evident that the extinction coefficient at for polymer 5 is larger compared to polymer 1, 2, 3, 4 and 6. Furthermore, there is a small red-shift in for polymer 4, 5 and 6 synthesized from di-thiophene compared to polymer 1, 2 and 3 synthesized from thiophene. This is ascribed to the number of thiophenes (n) in the repeating unit which influences the conjugation length in the polymer and hence, the larger number of thiophenes in the repeating unit results in a red shift in the UV-vis spectra. It can be seen from Fig. 1 that the polymer based on benzo-bisthiadiazole, 3 and 6, absorbs light above 1 100 nm. The NW spectra (Fig. 3) show that polymer 3 and 6absorbs light up until around 1800 nm. respectively) are in the same region as polythiophene (2.0 eV), whereas the band gap for polymer 2 (n = 3) is in the region between polythiophene and the copolymer of benzothiadiazole, thiophene and pyrrole (1 .6 eV), polymer 5 (n =4)
is in the same region as the copolymer of thiophene, pyrrole and benzothiadiazole. Polymer 3 and 6 (n = 3 and 4, respectively) has lower band gaps than polyisothianaphthene (1.2 eV). The data also shows that the band gap is decreasing with an increase in the number of thiophenes (n) in the repeating unit of the polymer. Furthermore, it can be seen that the benzobisthiadiazole ring lowers the band gap of the polymer significantly (from 1.7 to 0.7 eV). Wavelength (nm) Figure 2 : NIR spectra of polymer 3 and 6. The peaks at 1400, 1600, 1900 and 2400 nm are ascribed to the instrument.
Ultraviolet Photoelectron Spectroscopy
The UPS spectra and the band structure of polymer 5 and 6 are shown in Fig. 310 (for UPS spectra and electronic band structure of polymer 1-4 see ref. 10). 
E
From the cut-off (BE) and the on-set (BE) in the UPS spectra the data reported in Table 3 =EFVACAu where Au 5 the work function of gold (i.e. the Fermi level of gold), EFVB is the injection barrier for holes from gold into the valance band (or the Highest Occupied Molecular Orbital, HOMO) of the polymer material, EFVAC is the distance from the Fermi level to the vacuum level, B? is the ionization energy and A is the vacuum level shift.14 These parameters together with the band gap (E0) estimated from the UV-vis spectra gives the electronic band structure shown in Fig. 3 for polymer 5 and 6. Table 3 : UPS data from the photoelectron spectra of polymer 1-6. The band gaps (EG) were estimated from the UV-vis and NIR spectra in Fig. 2 From Table 3 and Fig. 3 it can be seen that the Fermi level of gold, which should lie in the middle of the optical band gap, lies very close to the Lowest Unoccupied Molecular Orbital (LUMO) for polymer 6 (this is also seen for polymer 3). This could be due to doping of the polymer and hence the band gap would be underestimated. Treatment with chemical reducing agents such as hydrazine and ammonia showed neither n nor p doping. The low values of the EFVB also support the estimation from UV-vis and NW of a very low band gap for polymer 3 and 6.
From the UPS measurements the HOMO is determined and the LUMO can be estimated using the band gap. These results are then used to compare the polymer energy levels with the energy levels of the electrodes in a photovoltaic device (Fig. 4) . This shows that the HOMO level and the LUMO level of polymer 5 is in good alignment with the PEDOT and PCBM, respectively, and hence an efficient charge separation should be observed.
Photovoltaic measurements
Polymer 5 was applied in photovoltaic devices. The IJV curve for the photovoltaic device of polymer 5 and of polymer 5 in a mixture with PCBM are shown in Fig. 5 and the photovoltaic performance is given in Table 417Photovoltaic From Table 4 and Fig. 5 it can be seen that the addition of PCBM to the active layer increases the short circuit current, 'Sc, from -0.012 to -2.7 mA cm2 and hence increases the efficiency from 0.002 to 0.6 % even though the open circuit voltage, Voc, decreases from 0.69 to 0.58 V. Furthermore, it can be seen that the I decreases from -2.7 to -1.29 mA cm 2 and the efficiency decreases from 0.6 to 0.2 % when the active area of the device is increased from 3 to 10 cm2. This is ascribed to a poorer morphology for the large area device.17 The absorption spectra and the photocurrent spectra showed good overlap of the absorption spectra of the device and the wavelength scan.17 From the wavelength scan the incident photon to current efficiency (IPCE) was found to be 22 % at 560 nm for the 3 cm2 5IPCBM device. 17 The lifetime of the device with pure polymer 5 was recorded as the time for the efficiency to reach half of the maximum value.'9 This showed a lifetime of less than 2 hours.'7 The 10 cm2 device was encapsulated as described in the 1iterature,' and this device still showed photovoltaic response after several weeks stored in darkness under
CONCLUSIONS
The synthesis of copolymers of thiophene, benzothiadiazole and benzo-bis-thiadiazole has been described. The polymers were synthesized by Stille cross coupling polymerization. The polymers were characterized by NMR, SEC and UV-vis. The band gaps were estimated from UV-vis to be 2. 1-1 .7 eV for polymers based on thiophene and benzothiadiazole and 0.7 eV for polymers based on thiophene and benzo-bis-thiadiazole. The electronic structure of the polymers was a -dark ---998Wm'
determined by UPS. From UV-vis and UPS it can be seen that the band gap of the polymer decreases with an increase in the number of thiophene (n) in the repeating unit of the polymer (n = 1-4). Polymer 5 was applied in large area photovoltaic devices. This showed an efficiency of 0.6 % for a 3 cm2 device with the composition ITOIPEDOT/5:PCBM (1 :2)/Al.
